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study  of  Graded  Channel  in  MODFETs  on  InP  Substrates 

1 .  Foreword 

This  proposal  was  for  a  three-year  study  to  optimize  the  quantum  well 
channel  m  MODFETs  on  InP  substrates.  The  work  was  initially  based  on  some 
remarkable  results  that  were  achieved  at  Cornell  University  for  the  industry 
standard  PHEOT  (AlGaAs/InGaAs/GaAs)  structure.  This  work  showed  that  the 
e  ecfron  sheet  density  and  consequently  the  channel  current  could  be  increased 
substantidly  by  linear  grading  the  Indium  composition  in  the  In^.A  channel  and 
by  modulation  doping  on  both  sides  of  the  channel  (double-doping).  The  major 
improvements  that  were  shown  with  the  graded  channel  double-doped  MODFETs 

mobility  and  consequently  the  output  current  An 
additional  benefit  of  the  work  was  in  reduced  gate  leakage  currents  and  increased 
ram-source  breakdown  voltages,  due  to  reduced  electric  fields  in  the  2DEG 

The  goal  of  ftis  contract  was  to  apply  the  successful  design  techniques 
used  on  the  GaAs  PHEMTs  to  the  relatively  immature  AlInAs/InGaAs  MODFET 

'f  •  f^sTnGaAs  MODFETs  on  InP  substrates  typically  have 
yielded  the  highest  frequency  response  and  the  lowest  noise  figures  However 
the  low  breakdown  voltage  in  such  InP-based  MODFETs  seriously  limits  the 
power  level  that  ftese  devices  have.  The  reduced  gate  leakage  that  resulted  from 
the  Imear  graded  channels  on  the  GaAs  PHEMTs  was  expected  to  substainly 
improve  the  breakdown  voltages  for  the  InP-based  MODFETs. 

f  T  contract  was  a  successful  demonstration  for  the  first  time 

o  -  ased  MODFETs  operating  above  125°C  with  minimal  DC  and  RF 
^  egradation  with  record  two  dimensional  electron  sheet  densities  (>8.0  x  10*^cm’ 

uv  structure  was  double-doped  and  double-strained  with  a 

parabohcally  graded  channel.  To  achieve  this  final  result  we  performed 
fundamental  expenments  during  the  duration  of  the  grant  to  study  the  spacer  layer 
thickness,  Schottky  barrier  enhancements  and  stress  compensation  schemes. 


2A.  Statement  of  the  problem  studied 

MODFETs  on  InP  substrates  have  yielded  the  highest  frequency  response 
and  the  lowest  noise  figure,  both  due  mostly  to  the  30%  higher  electron  average 
ransi  w^TOity  in  the  lattice-matached  In  53Ga47As  channel,  compared  to  the  1  8  - 
i.O  X  10  (cm/s)  velocity  for  electrons  in  optimized  channels  on  GaAs  substrates 
However,  the  low  breakdown  voltage  in  such  InP-based  MODFETs  seriously 
limits  the  power  level  that  these  devices  have.  ^ 


substrates,  some  reiii-kib”e  channels  “n  GaAs 

the  channel  and  bv  ffradintr  tli#»  Tn/i;  •  •  doping  both  sides  of 

density  has  been  increased  to  4  x  10™r”Sng  roo''m,V^^ 'i, 

In  addition,  the  source-drain  breakdown  vnltarrr.  i  channel  current, 

from  4  V  to  7  V.  In  most  MODFFTq  thic  h  current  has  been  raised 

as  the  channel  current  is  raised  25  30  «/  o?fi  voltage  drops  substainially 
cmrent  the  breakdown  volta^^^^ 

continues  to  fall  more  slnwlv  ao  *  •  ^  GaAs-based  devices,  but 

Additionally  there  is  a  serious  eatp  curren  is  raised  for  InP-based  devices. 

bias,  even  for  GaAs-based  MODFET^*®" 

The  two-dimensional  electron  eas  QDFG'i  ic  fiiin  ;«  oii 

and  is  crowded  against  the  quantum  tell  hrteroiuncri^n  rf  structures, 

such  ^  •  1  ^  ^^i^rojunction.  There  are  two  distinct 

case.  th“5e:h:,\"r®mTdl“t';^^^^^  ’"'“'I 

charge  effects  of  the  2DEGs,  one  on  each  sMe'^'rh? 

well  is  actually  broken  bv  the  hf>nri-  f  state  m  the  quantum 

accumulation)  The  total  electrn  conduction  band  (charge 

superpositiontftwo«SartTJf?  “‘^^^  ^ 

distinct  peaks  in  the  frTctm^r  ‘'"o 

the  ground  state  above  the  peak  of  the  band  hmd^  *  nimimized  by  raising 

way  to  do  this  is  by  increastafthe  fSnlnftt 
Indmm  fmction  at  the  sides  [1]  which  minimizes  the  band  be”  dTigTrq^ 

out  with  Indium  rising  Itojy  fom  15  •/  m  22 

15  °A  Wift  double  doping,  such  a  channel  allowed  cm-2”eLt““"h 

density  with  a  mobility  of  7  230  cm VVcVi  u/i,  n V  .  electron  sheet 

[3]  with  this  gradeTchanfl  riri  .u 

800  mA/mm,  which  is  15  %  higher  and  fhe  h  channel  current  was 

than  was  the  case  for  u„  fo™ 

under  I  V  forward  bias  L  liT  ^  “  “““  “”>P»sition.  Also, 

nearly  zero  for  all  draLtufcTvota  f 

double-doped  channels  with  constant  Indium  fracton|3  The  l”^"!!r  I,-,*" 
was  also  10  «/.  higher  in  the  graded  channel  at  roorSeram  e  m  ^ 

It  .s  clear  why  the  electron  sheet  dens.ty  is  hig^h  Tsuch  'channels  w.th 
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increased  Indium  fraction  in  the  center  of  the  quantum  well.  The  electron  density 
is  more  uniformly  distributed  across  the  entire  channel,  rather  than  having  two 
sharp  peaks  near  the  two  hererojunctions  (caused  by  a  break  in  the  ground  state). 
This  is  due  to  the  lowering  of  Ae  conduction  band  in  the  middle  of  the  quantum 
well  which  results  in  the  ground  state  being  constant  in  the  quantum  well 
(occupied  n  =  1  states).  The  mobility  is  higher  because  the  electrons  interact  less 
with  the  heterojunctions,  which  may  not  be  atomically  planar,  and  which  may 
support  interface  phonons  as  an  additional  scatttering  mechanism.  The 
breakdown  voltage  is  higher  because  the  undepleted  electron  sheet  density  is 
thicker  in  the  case  of  the  graded  Indium  channel.  The  electric  field  caused  by  the 
drain-source  voltage  is  lower,  for  a  given  voltage,  because  of  the  increased  radius 
of  curvature  of  the  constant  potential  surfaces  near  the  source  end  of  the  thicker 
undepleted  2DEG. 

In  addition  to  predicting  the  electron  distribution  function  in  such  a 
MODFET  structure,  it  is  necessary  to  predict  the  limits  on  stress  to  prevent 
dislocations.  Such  a  program  has  been  developed  at  Cornell  [4],  originally  for  use 
in  pseudomorphic  multiple  quantum  well  structures  for  lasers  capable  of  high 
speed  modulation.  In  the  case  of  GaAs  substrates,  all  of  the  strain  has  been  of  the 
two-dimensionsal  compression  type.  For  InP  substrates,  where  In.53Ga47As  and 
In  52AI  48As  are  lattice  matched,  both  two  dimensional  tension  as  well  as  the  two- 
dimensional  compression  are  possible,  especially  in  the  design  of  the  channel. 
Thus  the  layered  structure  net  compression  or  tension  can  be  minimized.  One 
example  is  Ae  case  of  LiyGai-yAs  on  InP  with  y=.53  +  yl  cos(bz)  where  yl  =  .25 
and  a  single  period  of  the  cosine  being  ~  150  A.  It  yielded  an  electron  sheet 
density  of  2.2  x  lO^^cm'^  in  a  single  period  channel,  with  a  room  mobility  of 
9,700  cm^(Vs)'^  all  for  single-sided  doping.  The  double-sided  doping  should  yield 
4  X  10 ^^cm'^  with  ~  10,000  cm2/v  s  mobility  at  room  temperature. 

The  gate  leakage,  under  forward  bias,  is  reduced  because  the  high,  peaked 
electron  density,  normally  obtained,  has  been  lowered  and  broaded  across  the 
quantum  well.  This  lowers  the  thermionically-assisted  tunneling  of  the  electrons 
from  the  channel  into  the  gate.  It  is  not  yet  certain  what  Indium  fraction  profile 
will  be  optimum.  Linear  symmetrical  grading  in  2  steps,  parabolic  grading,  cosh  or 
cosine  grading  are  possibilities  of  interest.  A  modified  “C-band”  computer 
program,  capable  of  predicting  electron  distributions  in  InyGai.yAs  with  its 
different  properties  on  InP,  compared  to  those  on  GaAs,  will  be  developed. 

2B.  Summary 

PSeudomorphic  MODFET s  (SMODFET)  have  become  the  new  high  speed 
transistor  for  microwave  applications.  Basic  advantage  of  the  SMODFETs 
electrical  performance  over  MESFETs  and  MISFETs  is  due  to  the  use  of  quantum 
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wells  which  result  in  higher  mobility  and  increased  current  capability.  Mobility  is  a 
measure  of  how  easily  a  charge  carrier  (electron/hole)  can  move.  The  electrical 
current  capability  of  a  transistor  is  controlled  by  changing  the  concentration  of 
charge  carriers  (electron/holes)  in  the  channel.  Increasing  the  concentration  of 
charge  carriers  above  a  physical  limit  causes  a  drastic  decrease  in  mobility.  This 
point  of  decreasing  mobility  is  dependent  upon  the  composition  and  materials  used 
(height/width  of  the  quantum  well)  in  making  the  SMODFET.  It  has  been  found 
that  by  varying  the  indium  concentration  (x)  in  an  InxGai.xAs  channel  one  can 
improve  the  electrical  capability  of  the  quantum  well.  This  enhanced  quantum  well 
results  in  higher  charge  density  and  mobility,  yielding  a  higher  current  capability  for 
the  SMODFET  as  shown  in  Figure  la. 


Ec-&(eV) 

0.0  0.5  1.0 
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Figure  la  Conduction  Band  (solid)  and  free  electrons  (dashed)  vs  position 
in  a  double  modulation  doped  MODFET  with  a  parabolically  graded 
channel  and  a  buried  p-layer  in  the  buffer 

A  one-dimensional  computer  program  which  solves  Schrodinger  and 
Poisson  equation  simultaneously  has  been  extended  to  optimize  the  design  of 
MODFETs  with  the  following  features;  pseudomorphic  graded  channels, 
pseudomorphic  barriers,  double  sided  doping  and  buried  p-layers.  Figure  2  show  a 
double  doped  SMODFET  on  InP  with  and  without  a  parabolically  graded  channel. 
As  can  be  seen  the  separation  of  the  energy  levels  in  the  quantum  well  (El  and  E2) 
by  grading  the  channel  will  result  in  the  higher  charge  density. 
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Position  Below  Gate  (Angstroms) 

Figure  lb  Double-Doped  AllnAs/InGaAs  Graded  Channel  SMODFET  with 
uniform  and  a  parabolically  graded  channel.  Comparison  of  energy 
states  in  the  channel  with  constant  indium  and  parabolically  graded 
channel  on  InP  substrates 

A  simple  model  has  been  developed  and  used  to  predict  and  show  the 
advantages  of  pseudomorphic  MODFETs  with  graded  channels  [5].  The  band 
bending  in  the  channel  caused  by  the  charge  accumulation  in  the  full  channel  is 
easily  calculated  by  applying  Poisson’s  equation  in  the  channel  [8].  Integrating 
twice  yields  a  simple  parabolic  equation  (1)  for  the  conduction  band  bowing. 


fd  1 

T-  V 

^  _  P 

V  =  -  P 

l^dz  ) 

e 

e 

2  _ 

(1) 


Using  equation  (2)  for  the  charge  density  (Ls  is  the  channel  thickness),  we  can 
calculate  the  maximum  deflection  of  the  conduction  band  in  the  channel  for  double 
and  single-doped  SMODFETs. 


Pc 


qjls.  ^  qns 

Lg  2a 


(2) 


Substituting  equation  (2)  into  equation  (1)  yields  the  following  design  equation  for  a 
single-doped  MODFET  (max.  DV  @  z=2a). 
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and  for  a  double-doped  MODFET  (max.  DV  @  z=a). 


^channel 
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CM 

qn,a 

4e 


(3) 


(4) 


Since  the  band  bending  in  the  channel  varies  as  a  parabola  (equation  1),  we 
can  vary  the  indium  concentration  in  the  channel  parabolically  to  directly  cancel  the 
voltage  (flatten  Ec).  This  parabolic  variation  of  the  indium  concentration  (x) 
assumes  that  DEc  is  to  the  first  order  linear  with  x  (Figure  2), 


Lattice  Lattice 


Mole  Fraction  (  X  :  InxGai.xAs  ,  lOxAli-xAs) 


Figure  2  Band  Gap  Energy  vs.  Indium  Mole  Fraction  for  InGaAs  and  AlInAs 
ternary  compounds  for  (bulk)  and  strained. 

The  minimum  ^d  maximum  values  of  this  parabolic  grade  are  dependent  on  the 
voltage  deflection  and  the  strain  limits  of  the  material  as  calculated  by  the 
Matthews/Blakeslee  (M/B)  limit  (equation  5)  [3]. 
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(5) 


Where  he  is  the  critical  thickness,  is  Poisson’s  ratio  and  Aa/a  is  the  fractional 
strain.  The  average  value  of  a  parabola  is  two  thirds  of  the  maximum.  Hence  we 
figure  the  M/B  limit  for  a  specific  channel  thickness  and  make  this  the  average 
value  of  the  parabolic  grade  to  stay  within  the  strain  limits.  As  a  general  rule  we 
take  5/8  of  the  bandgap  difference  for  GaAs  based  MODFETs  and  5/7  for  the  InP 
based  MODFETs  for  Ae  conduction  band  discontinuity  [9].  This  conduction  band 
discontinuity  is  used  for  the  barrier  height  in  calculating  the  energy  levels  in  the 
channel. 

The  electric  dipole  across  the  spacer  layer  just  outside  the  channel  is  derived 
from  the  simple  electrostatic  relation  D  =  e*E  and  is  shown  in  equations  (6,  7,  8) 
[8]. 


E 


X  e  e 


(6) 


For  single-doped  MODFETs,  and  for  double-doped  MODFETs  (assuming  that  the 
total  channel  charge  is  split  equally  between  the  top  and  bottom  doping)  with  Ws 
being  the  spacer  thickness. 

AVspacer=  W,,  single-doped  MODFET  (7) 

£ 

AV.p...,=  ^  W.,  double-doped  MODFET  (8) 


Assuming  that  the  channel  is  small  enough  that  the  density  of  states  is 
quantized  in  two  dimensions,  the  calculation  of  the  2D  density  of  states  is  given  as 
in  equation  (9). 

('> 

With  a  graded  channel  (assuming  a  flat  quantum  well)  the  quantized  energy  levels 
(En)  are  calculated  from  simple  quantum  mechanics  [10].  For  a  well  with  infinite 
walls  the  energy  levels  are  calculated  as  shown  in  equation  (10). 


E 


n 


Ej*n^  with  Ej 


2  m*  (2a)^ 


8  m*  (a)^ 


(10) 
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D(E) 

Density  of  States 


Figure  3  a)  Three  and  two  dimensional  density  of  states  versus  energy 
for  determming  sheet  charge  (ns)  using  the  area  rule,  b)  Energy 
levels  (En)  in  a  quantum  well  with  a  finite  barrier  (Eb). 


For  a  quantum  well  with  finite  walls  (Fi^e  3b)  we  have  to  solve  the  following 
transcendental  equations  (equation  11)  with  ke„  inside  the  well  and  ken  outside  the 
well.  This  assumes  m*  (carrier  effective  mass)  is  the  same  inside  and  outside  the 
quantum  well. 

K.,  tan(K.,a')  =  k., 

(11) 


-K 


with 


K„tan(K^,a) 

e2COt(K^2a) 

n 


=  k 


e2 


and  k.  =- 


'2m*(E,-Ej 


Eb  =  barrier  height 
a  =  (channel  thickness)  /  2 

From  Figure  3a,  we  can  calculate  the  sheet  charge  with  a  simple  area  rule  as 

shown  in  equation  (12) 

* 


From  Figure  4,  and  using  conservation  of  energy,  we  can  calculate  the  fermi 
energy  (Ep)  as  shown  in  equation  (13) 

Ep  —  ~^prob]“'^y*annel  ~^Xpacer  (13) 


with 


AEc 

^  prob 
^channel 
spacer 


=  conduction  band  discontinuity 

=  barrier  probability  of  occupancy  (0.1 2v  for  a  1%  probability) 
=  space  charge  effect  potential  in  the  channel  (equation  3  or  4) 
=  voltage  due  to  charge  dipole  across  spacer  (Es*Ws) 
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Solving  equations  (12)  and  (13)  simultaneously,  yields  the  sheet 
charge(ns)  and  fermi  energy(EF)  for  the  3D-SMODFETs. 


energy  levels. 


AIT  A  model  that  was  developed  and  verified  with  this  contract  for  the 

AlInAs/InGaAs  on  InP  substrates  is  being  continually  extrended  to 

optim^  Ae  InGaP/InGaAs  MODFET  on  GaAs  and  the  AlGaN/InGaN  MODFET. 
e  simple  model  assumes  that  the  band  bending  of  the  conduction  band  can  be 

wT  P^abolic  grading  of  the  Indium  in  the  InGaAs  quantum 

well.  Wi&  this  assumption  the  quantized  energy  levels  inside  the  quantum  well  can 
be  solved  from  the  textbook  analysis  of  a  quantum  well  with  finite  barriers. 

onservahon  of  energy  (Kirchoff  Voltage  law)  and  knowing  the  quantized  energy 
levels  m  the  well  allows  us  to  write  write  two  simultaneous  equations  which  ie 
easi^  solved  for  the  complete  solution  of  the  MODFET  [5].  By  varing  the  channel 
thictoess  and  keeping  the  other  parameteres  constant  we  can  easily  plot  the  2DEG 

vs  c  annel  thic^ess  for  single  and  double  modulation  doped  structures  as  shown 
in  Figure  5a  and  5b. 
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Figure  5a  Single-Doped  Double-Strained  MODFET  with  A1  in  a  u  • 

p.aboUca,ly^adedI„,Ga,.,AschJl  ““ 

calculated  from  U.e  Manhews/Blalcealee  <aitical  Sr^eaual  T 
grwnd  state  (diamond),  first  excited  state  (square)  second  excited  «t 


Figure  5b  ®°‘‘'>'®-D0PC<l  Double-Slrained  MODFET  (3D-SMODFET)  with 
Alo«In««As  banters  and  parabolically  graded  luxGa,  xAs  ehanneh  The 

5S,.:r  ;z“rs=r- 
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Sets  of  MBE  experiments  in  coniimction  witli  nur»  ^  . 
optimize  the  growth  of  InP  based  SMODFFtT  lu  ^^^igned  to 

experiments  were  begun  during  the  summpr^  f  channels.  These 

with  MBE  material  now  coming  from  Wrieht^T  ah  pursued 

many  of  the  MBE  experimente7av7bln^n^  i^  (WPAFB).  Results  of 

related  problem  of  clustering  of  the  binari^  y  Published  [5,6,7,8].  A  materials 

lattice  matched  compositions  weretot^r^^^  the 

we  have  grown  Al6ln4As  anTTn  r?  To  solve  this  clustering 

clustering  and  allowed  us  to  achieve  a  record  2DFr  minimized  the 

performance  of  InP-based  MODFETs  17  81  r  ’  h^^h  temperature 

ternaries  is  being  agressively  Vt^faf  the  clustering  of  the 

Alo4,In„„Asasabn4r,  200  Atf  rrrA  2500  A  of 

planar  doping  (APD)  of  Si  40  A  of  A1  °  In  "  ^  **  bamer,  lower  atomic 

(^..=.65)  forfte  chLel  40  A  of  ‘I  200  A  of  In.Ga,..As 

200  A  of  Al„,In„^  as  a  Scho^l^^^  ,OoX  ^i. 

doped  at  5  X  10**cm*^  Five  difft^r/^nt  f  •  i.  ^  Iuo.53Gao.47As  as  a  cap 
grading  schemes  were  grown  as  descrited'^1  w*  different  doping  and  channel 

channel  was  decreased  from  the  200  A  to  120  A  h/  wafer  8646,  the 

charmels  were  parbol.cally  graded  ffom  53  •/.  to  7^ %"^ch  tolt  ^ 

65  %. 
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lithoj^yttep  lorTe  ^ei“‘1heT  E-beam 

phosphoric  acidrperoxide  wet  etch  A  h  mesa  isolated  by  using  a 

selective  citric  ac^d  peroxide  solution  ch^nel  etch  was  performed  with  a 

(10).  Ohmic  conp^r^d  contact 

ophcal  lithography  step.  The  ohmic  contacts  wem  for^  uITwAugJIX" 


which  was  alloyed  at  340"  C  in  an  RTA  for  10  sec  producing  contact  resistances 
less  than  0.1  T-gates  were  then  defined  with  an  electron-beam  and  the  gate 

recess  was  performed  with  a  selective  citric  acid:peroxide  wet  etch. 

Typical  current- voltage  characteristics  at  25  *C  and  100  "C  for  a  2  pm  gate 
length  3D-SMODFET  on  wafer  8648  is  shown  in  Fig(s).  6a  and  6b,  with  limited 
degradation  at  100  *C.  The  forward  gate  current  at  different  temperatures  is 
shown  in  Fig.  7a,  with  an  effective  barrier  height  >  1  eV  extracted  from  an 
activation  energy  measurement  (Fig.  7b).  The  low  current  (<  400  mA/mm)  in  the 
device  is  due  to  surface  depletion  in  the  linear  regions  around  the  gate  between  the 
source  and  drain  ohmic  contacts. 


Figure  6b  2  jim  x  100  jim  (Lg  x  Wg) 

Ids,  gm  versus  Vgj  characteristics  for  a  3D- 
SMODFET  at  25  ‘C  (solid)  and  100  'C 
dashed)  [Vds  =  2.0  V]. 


Figure  6a  2  jim  x  100  )J-m  (Lg  x  Wg)  Ijs 
versus  Vjs  characteristics  for  a  3D-SMODFET 
at  25  °C  and  100  "C  [Vgs  =  +0.5  (top)  to 
-1.25  (bottom)  in  0.25  V  steps]. 


Figure  7a  Forward  gate  current 
of  a  Al^gInQ4As/  InQg5GaQ35As/ 
Al^glnodAs  3D-SMODFET  on  InP 
(2  pm  X  100  pm)  at  25  “C,  50  °C, 
75  “C,  100  °C  and  125  “C. 
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A  change  in  the  processing  sequence  has  resulted  in  drain  currents 
>  1000  mA/mm  and  a  DC  transconductance  of  >  500  mS/mm  for  wafer  8648  as 
shown  in  Fig(s).  8a  and  8b.  The  devices  have  good  pinch-off  characteristics 
(<  2.5  V),  output  conductance  (<  15  mS/mm),  gate-drain  breakdown  (2.5  to  7  V) 
and  good  microwave  performance  with  a  high  fMAX  to  fr  ratio  (330/110)  for  a 
0.18  pm  gate  length.  A  summary  of  open  channel  current  and  hall  data  is  shown 
in  Table  II. 


Table  n  Summary  of  electrical  results 


Run 


V. 


L 


hall  (300K) 


haU  (77  K) 


# 


mA/ 

mm 


(cm^s 

ec) 


(10^  c 
m'^) 


(cm^/Vs 

ec) 


(10*^  c 
m'^) 


864 

6 


1.7 


1100 


6000 


5.8 


10,300 


5.6 


864 

7 


1.6 


1000 


6900 


5.7 


12,100 


5.4 


864 

8 


1.7 

4 


1200 


7200 


6.5 


12,100 


6.0 


864 

9 


2.1 


1500 


6700 


7.7 


11,800 


7.2 


865 

0 


2.4 


1850 


6500 


8.4 


12,100 


8.1 


Ej 


Ej 


Bias  Voltage  (V) 


SE 


Q] 


Vgs(v) 

Figure  8a  Current  voltage  (Ij^  vs  VgJ  characteristics  of  an 
Alo.6lno4As/  Ino65Gao.35As/Alo6lno4As  3D-SMODFET  on  InP 
with  a  parabolically  graded  channel  =  0.5  V  (dots), 
1.0  V  (solid),  1.5  V  (dashed)]. 


V*(V) 


Figure  8b  Current  voltage  (Ij,  vs  Vj,)  characteristics  of  an 
Aloglrio^As/  Ino.65Gao  35As/Alo6lno.4As  3D-SMODFET  on  InP 
with  a  parabolically  graded  channel  [Vg^  =  0.0  (top),  to  -2.0 
(bottom),  0.25  V  steps]. 


18 


2C.  List  of  all  publications  and  technical  reports 

“High  Temperature  Operation  of  AlInAs/InGaAs/AlInAs  3D-SMODFETs 
with  Record  Two  Dimensional  Electron  Gas  Densities,”  Glenn  H.  Martin, 
Allen  Lepore,  Matthew  Seaford,  Boris  Pereiaslavets,  Robert  Spencer, 
Lester  F.Eastamn,  accepted  for  publication  at  the  1996  IEEE  International 
Electron  Devices  Meeting,  San  Francisco,  Dec.  1996 

“Optimization  of  Narrow  Channel  3D-SMODFETs,”  Glenn  H.  Martin, 
Matthew  L.  Seaford,  Boris  Pereiaslavets,  J.  Burm,  Robert  Spencer,  Lester 
F.Eastamn,  Workshop  on  Compound  Semiconductor  Materials  and  Devices 
(WOCSEMMAD),  Santa  Fe,  New  Mexico,  Febuary  19-21,  1996 

“Channel  Width  Optimization  of  3D-SMODFETs  on  GaAs  and  InP,”  Glenn 
Martin,  Matthew  Seaford,  Robert  Spencer,  Lester  Eastman,  Cornell 
Nanofabrication  Facility  (CNF)  Affiliates  Meeting,  Cornell  University,  Oct. 

1995 

“Optimization  of  Graded  Channel  AlInAs/hiGaAs  3D-SMODFETs  on  InP 
Substrates,”  Glenn  H.  Martin,  Matthew  L.  Seaford,  Robert  Spencer,  Lester 
F.Eastamn,  Scott  Massie  and  Dave  Hartzell,  1995  NATO-ASI  meeting  in 
Sozopol,  Bulgaria,  Sept  20-29, 1 995 

“Optimization  of  3D-SMODFETs  on  GaAs  and  InP  substrates  with  a 
Simple  Analytical  Model,”  Glenn  H.  Martin,  Matt  Seaford,  Robert  Spencer, 
Jurgen  Branstein,  Lester  Eastman,  15th  Biennial  lEEE/Comell  Conference 
on  Advanced  Concepts  in  High  Speed  Semiconductor  Devices  and  Circuits, 
Aug  7-9, 1995 

"Computer  Analysis  of  MODFET  Structures  on  Indium  Phosphide 
Substrates  with  Pseudomorphic  Channels  and  Barriers  with  P-Layers", 
Glenn  Martin,  Matthew  Seaford,  Allen  Lepore,  Lester  Eastman,  Presented  at 
Advanced  Heterostructure  Transistor  Workshop,  Hawaii,  Dec  1994 
“Narrow  Channel  GaInP/InGaAs/GaAs  MODFET  grown  by  MBE  with 
record  2-DEG  density  for  high  frequency  and  power  applications,”  Boris 
Pereiaslavets,  Juergen  Branstein,  Glenn  Martin,  Lester  Eastman,  Bob  Yanka, 
James  Ballingall,  Device  Research  Conference,  Santa  Barbara,  Ca.,  June 

1996 

“Design  of  Narrow  Channel  GaInP/InGaAs/GaAs  MODFET  for  Hi^ 
Frequency  and  Power  Applications,”  Boris  Pereiaslavets,  Glenn  Martin, 
Lester  Eastman,  accepted  for  presentation  to  the  Workshop  on  Compound 
Semiconductor  Devices  and  Integrated  Circuits  (WOCSDICE),  Vilnius, 
Lithuania, May  1996 

“Subnanometer  Analysis  and  Modeling  of  MBE  grown  InP  BAsed 


19 


MODFETs”  Matthew  Seaford,  Scott  Massie,  Dave  Hartzell,  Glenn 
Martin,WaiTen  Wu,  John  Tucker,  Lester  F.Eastamn,  Presented  as  a  late 
paper  at  the  1996  Eighth  International  Conference  on  Indium  Phosphide  and 
Related  Materials,  Schwabish-Gmund,  Germany,  April  21-25  Accepted  for 
publication  to  the  Journal  of  Electronic  Materials 

“Optimization  of  the  Spacer  Layer  Thickness  in  AlInAs/InGaAs/InP 
MODFETs,”  Matthew  Seaford,  Glenn  Martin,  Lester  Eastman,  Scott 
Massie,  Dave  Hartzell,  accepted  for  publication  in  the  Journal  of  Electronic 
Materials 

“Improving  the  Schottky  Barrier  and  Leakage  Current  of  MODFETs  grown 
on  InP,”  Matthew  Seaford,  Glenn  Martin,  Scott  Massie,  Dave  Hartzell,  and 
Lester  Eastman,  Workshop  on  Compound  Semiconductor  Devices  and 
Integrated  Circuits  (WOCSDICE),  Stockholm,  Sweden,  May  21-24,  1995 

"Structure  and  Growth  Optimization  of  Pseudomorphic  MODFETs  on  InP", 
Matthew  Seaford,  Glenn  Martin,  Lester  Eastman,  Scott  Massie,  Dave 
Hartzell,  MRS  meeting  in  San  Francisco,  April,  1995 

“Pursuit  of  Phonon  Scattering  Suppresiion  in  Short  Period  AlAs/GaAs 
Multiple  Quantum  Well  Structures,”  T.  LeTran,  W.  Schaff,  B.  Ridley,  Y. 
Chen,  A.  Clark,  L.  Eastman,  APL,  march  1994 

“On  the  Suppression  of  Phonon-Electron  Scattering  in  Short  Periodic 
ALAs/GaAs  Multiple  Quantum  Well  Structures,”  T.  LeTran,  W.  Schaff,  B. 
Ridley,  Y.  Chen,  A.  Clark,  S.  O’Keefe,  L.  Eastman,  4th  Biennial 
lEEE/Comell  Conference  on  Advanced  Concepts  in  High  Speed 
Semiconductor  Devices  and  Circuits,  11-21,  Aug  2-4, 1993 


2D  List  of  all  participating  scientific  personnel  showing  any  advanced  degrees 
earned  by  them  while  employed  on  the  project 


Jinwook  Burm 
Alan  Acker 
Robert  Spencer 
Glenn  H  Martin 
Boris  Pereiaslavets 
Matthew  Seaford 
Trung  LeTran 
Lester  Eastman 
Bill  Schaff 


PhD,  May  1995 
MS,  Jan  1996 
PhD,  Jan.  1997 
PhD,  Expected  1997 
PhD,  Expected  1997 
PhD,  Expected  1997 
PhD,  Expected  1997 


20 


3 .  Report  of  inventions 

None 

4.  Bibliography 

1  T.-Yoo,  P.  Mandeville,  H.  Park,  W.  Schaff,  L,  Eastman,  “Double 
Modulation-doped  AlGaAs/InGaAs  Heterostructures  with  a  Graded 
Composition  in  the  Quantum  Well,”  v'^plied  Physics  Letters,  61, 
1942,  Oct.  1992 

2  M.  Foisy,  “A  Physical  Model  for  the  Bias  Dependence  of  the 
Modulation-Doped  Field  Effect  Transistor’s  High-Frequency 
Performance,”  Ph.D.  Dissertation,  School  of  Electrical  Engineering, 
Cornell  University,  1990 

3  H.  Park,  ‘E)pitaxial  Layer  Design  of  Psuedomorphic  MODFETs  for 
High-Frequency  Power  Application,”  Ph.D.  Dissertation,  School  of 
Electrical  Engineering,  Cornell  University,  1992 

4  D.  Teng,  P.  Mandeville,  L.  Eastman,  “Growth  Limitations  of  Strained 
Multiple  Quantum  Wells,”  Journal  Crystal  Growth ,  July  1992 

5  Glenn  H.  Martin,  Matt  Seaford,  Robert  Spencer,  Jurgen  Branstein, 
Lester  Eastman,  “Optimization  of  3D-SMODFETs  on  GaAs  and  InP 
substrates  with  a  Simple  Analytical  Model,”  15th  Biomial 
lEEE/Comell  Conference  on  Advanced  Concepts  in  High  Speed 
Semiconductor  Devices  and  Circuits,  Aug  7-9, 1995 

6  Matthew  Seaford,  Glenn  Martin,  L.F.  Eastman,  Dave  Hartzell,  Scott 
Massie,  “Optimization  of  the  Spacer  Layer  Thickness  in 
AlInAs/InGaAs/InP  MODFETs,”  Journal  of  Electronic  Materials,  Vol. 
25,  No.  9,  1551,  1996 

7  Matthew  Seaford,  Scott  Massie,  Dave  Hartzell,  Glenn  Martin,  Warren 
Wu,  John  Tucker,  Lester  Eastman,  “Subnaometer  Analysis  and 
Modeling  of  MBE  grown  InP  based  MODFETs,”  Journal  of  Elecronic 
Materials,  Jan.  1997 

8  Glenn  Martin,  Allen  Lepore,  Matt  Seaford,  Boris  Pereiaslavets,  Robert 
Spencer,  Lester  Eastman,  “High  Temperature  Operation  of 
AlInAs/InGaAs/AlInAs  3D-SMODFETs  with  Record  Two- 
Dimensional  Electron  Gas  Densities,”  International  Electron  Devices 
Meeting,  San  Francisco,  Dec.  9,  1996 


